mesangial cells. I. Acid extrusion in absence and presence of HCO;. Am. J. Ph ysiol. 255 (Cell Physiol. 24): C844-C856, 1988.-We have developed a technique to measure the fluorescence of a pH-sensitive dye (2,7-biscarboxyethyl-5(6)-carboxyfluorescein) in single glomerular mesangial cells in culture. The intracellular fluorescence excitation ratio of the dye was calibrated using the nigericin-high-K' approach. In the absence of COZ-HCO;, mesangial cells that are acid loaded by an NH: prepulse exhibit a spontaneous intracellular pH (pHi) recovery that is blocked either by ethylisopropylamiloride (EIPA) or removal of external Na+. This pHi recovery most probably reflects the activity of a Na+-H+ exchanger. When the cells are switched from a N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-buffered solution to one containing Con-HCO;, there is an abrupt-acidification due to CO2 entry, which is followed by a spontaneous recovery of pHi to a steady-state value higher than that prevailing in HEPES. Both the rate of recovery and the higher steady-state pH; imply that the application of COZ-HCO; introduces an increase in net acid extrusion from the cell. One third of total net acid extrusion in COZ-HCO; is EIPA sensitive and most likely is mediated by the Na'-H' exchanger. The remaining two thirds of acid extrusion could be caused by a decrease in the background acid-loading rate and/or the introduction of a new, HCOT-dependent acidextrusion mechanism. The HCOg-induced alkalinization cannot be accounted for by a HCOY-induced reduction in the acidloading rate. The latter can be estimated by applying EIPA in the absence of HCO; and observing the rate of pHi decline. We found that this acid-loading rate is only about one fifth as great as the total net acid extrusion rate in the presence of HCOT. Indeed, two thirds of net acid extrusion in HCO, is blocked by 4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid (SITS), an inhibitor of HCOZ-dependent transport.
Furthermore, the effects of EIPA and SITS were additive. Thus, in the presence of COZ-HCO:, a SITS-sensitive-HCOT-dependent transporter is the dominant mechanism of acid extrusion. This mechanism also accounts for the increase in steady-state pHi on addition of COZ-HCO:.
acid-base balance; sodium-hydrogen exchange; ethylisopropylamiloride;
&acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid; 2,7-biscarboxyethyl-5(6)-carboxyfluorescein; nigericin; tissue culture; rat THE RENAL MESANGIAL CELL is avascular smooth muscle-like cell that is thought to play an important role in the physiology and pathophysiology of the glomerulus.
These cells are contractile and critically located, so that they have the potential for modulating glomerular filtration (24). In culture, mesangial cells contract in response to the addition of a variety of vasoactive peptides, such as angiotensin II and arginine vasopressin (17) . This contractile response to peptides is accompanied by an increase in intracellular Ca2+ (1). These effects of peptides in vitro are consistent with their vasoconstrictive effects on isolated glomeruli (25) and are also consistent with their ability to reduce glomerular ultrafiltration in the rat kidney (24) . Because the sensitivity of contractile proteins to Ca2+ is reduced at low intracellular pH (pHi) in skeletal and cardiac muscle (lo), pHi changes might influence mesangial cell contractility and, therefore, glomerular filtration. Mesangial cells may also play a role in the pathophysiology of glomerulonephritis and glomerular sclerosis, conditions that are common in endstage renal disease (16, 21) . Mesangial cells in vitro produce a variety of extracellular matrix materials (5) and can proliferate in response to growth factors (18, 27) . It is thought that, in glomerulonephritis, mesangial cell hypercellularity may play an important role in the progression of this illness (16).
Studies on other cells have demonstrated that at least in the nominal absence of HCO; growth factors and mitogens cause a rapid pHi increase that is essential for subsequent cell proliferation (19). We also have found such a pHi increase after application of vasoactive agents to mesangial cells (11) . Indeed, we demonstrated that the pHi increase was Na+ dependent and EIPA sensitive and thus most likely represented the altered activity of a Na+-H+ exchanger (11) . One of the peptides used, arginine vasopressin, has been shown to stimulate the mesangial cells to proliferate in culture (26) . Thus changes in pHi may also be important in the pathophysiology of mesangial cells.
pHi changes may play an integral role in the actions of various agents in producing mesangial-cell contraction and proliferation. To the extent that data on cultured mesangial cells can be extrapolated to the mesangial cell in the intact glomerulus, it is important to understand the mechanisms by which pHi is normally regulated in these cells. Studies in other cells have shown that the regulation of pHi is brought about by one or more mechanisms that transport acid base across the cell membrane (23). The steady-state pHi is determined by the balance 
Cell Preparation
The mesangial cells were obtained from isolated glomeruli of young rats as described previously (8). As a check that the cells were mesangial in origin, and not glomerular epithelial or endothelial cells, we routinely assayed the cells for smooth muscle cell myosin by immunofluorescence. Because major phenotypic changes (e.g., failure to contract in response to arginine vasopressin) occur in mesangial cells after multiple passages (e.g., Ref. lo), we only studied cells in passages 2-5. The cells were grown on glass cover slips and maintained in Dulbecco's modified Eagle's medium (DMEM) with 20% fetal calf serum (FCS) at 37°C and equilibrated with 5% COB-balance air. At least 48 h before experiments, [FCS] was reduced to 0.5%. Cells were subconfluent at the time of the experiments. between processes that load the cell with acid (e.g., cellular metabolism and certain transporters, such as Cl-HCO; exchange) and those that extrude acid from the cell (e.g., Na+-H+ exchange).
The purpose of the present paper, and the companion paper (7), was to examine the mechanisms of acid extrusion in mesangial cells, both in the presence and the nomial absence of HCO;. We used a microfluorometric technique to monitor pHi in single mesangial cells in culture. We found that, in the absence of HCO:, the recovery of pHi from an acute acid load is mediated by a Na+-H+ exchanger. In addition, the application of COZ-HCO; caused an initial acidification, followed by a recovery of pHi to a level higher than the initial one. This pHi recovery is mediated partially by a Na+-H+ exchanger and partially by a HCOT-dependent acid-extrusion mechanism that is sensittive to the anion-flux inhibitor SITS.
Just before the experiment, a cover slip with cells attached was affixed to the bottom of a Lucite chamber using a commercial denture material (Secure, upper seal; Johnson & Johnson, New Brunswick, NJ). The chamber was then placed in a holder on the microscope stage where the cells were constantly superfused at 37OC. The pH-sensitive dye BCECF was then introduced into the cells by temporarily halting the superfusion for 5 min and filling the chamber with a HEPES-buffered solution (pH 7.4) (solution I) containing 10 PM of the membranepermeant tetraacetoxymethylester precursor of the dye, BCECF/AM (22) . Once inside the cell, the precursor is cleaved by esterases to yield a highly charged BCECF that is trapped within. The temperature of the bath was sensed by a thermistor embedded in the chamber and was maintained at 37°C during dye loading by passing current through a small coiled wire embedded in the chamber.
Portions of this work have been published in preliminary form (6) .
Because there is some variation in experimental results using cells from different passages and different animal preparations, paired control experiments were performed on the same day with identically prepared cells grown on separate cover slips.
METHODS

Solutions
Optical Techniques When we excited intracellular fluorescent dye at 440 or 490 nm, using a conventional 100-W quartz tungsten-halogen bulb as the light source, the emitted intensities at 530 nm were so low that the signal-to-noise ratio limited the useful pH resolution to -0.1 pH unit. We, therefore, employed a 100-W mercury arc lamp (Osram HBO lOOW/Z, Bulbtronics, Farmingdale, NY) because it provided substantially larger light intensities, especially at 440 nm. However, use of the arc lamp created two additional problems. First, the high source intensities led to photobleaching of the dye and photodynamic damage to the cell. We therefore introduced shutters to restrict the illumination of the dye to periods of data acquisition. Second, mercury arc lamps are noisier than quartz tungsten-halogen bulbs and become noisier with age. We, therefore, used a largearea photodiode (EGG, Electra-Optics Division, Salem, MA) to monitor fluctuations in the source intensity. Figure 1 of 10 nm and a sharp cutoff (DF series, Omega Optical). The low-wavelength beam, which had been passed by the dichroic mirror, was reflected by a plane mirror. It then passed through a 440-nm band-pass filter, similar to the 490-nm filter. The 490-and 440-nm beams, which were independently controlled by computer-actuated shutters, were recombined by a second 470-nm low-pass dichroic mirror, which reflected >95% of the 490-nm beam into the epi-illumination port of a Zeiss IM35 inverted microscope and transmitted X5% of the 440-nm beam into this port. The portions of the 490-and 440-nm beams that were not directed into the microscope were sampled by the photodiode, thereby providing a measure of the fluctuations in source light levels at these two wavelengths.
The light entering the microscope passed through a field diaphragm (FD) and was reflected to the specimen by a 510-nm high-pass dichroic mirror (DC series, Omega Optical). The FD was imaged on the specimen plane as a lo-pm diameter spot using a ~63, 1.25 NA oil-immersion objective. A portion of the fluorescent light generated at this lo-pm diameter area was collected by the same objective. Fluorescent light of wavelength ~510 nm passed through the dichroic mirror and was directed to a beamsplitter that transmitted 90% of the light to a 530-nm barrier filter (3O-nm bandwidth).
A lens was used to defocus the fluorescent light over the l-in. diameter faceplate of a photomultipner tube (R-1104, Hamamatsu, Middlesex, NJ).
When cells were visualized with transmitted light, the incident light was passed through a 590-nm band-pass filter (lo-nm bandwidth), a wavelength at which BCECF does not absorb light.
Data Acquisition
PhotomuLtiplier tube and photodiode. The currents generated by the photomultiplier tube (PMT) were con- Systems, Chelmsford, not attempt to correct for cellular autofluorescence. At MA) using an LSI-11/73 microprocessor (Digital Equipthe end of the experiment, second spot-off background ment, Maynard, MA) running under the UNIX operating measurements were made at both 440 and 490 nm. These system. The two signals from the photodiode (PD) were noncell-related background intensities were subtracted processed in a similar fashion, using a separate currentfrom all the intensities of the experiment. The ratio of voltage converter, variable-gain amplifier, Bessel filter, these corrected intensities at both 440 and 490 nm was and A-D converter.
then used to calculate pHi as described below. Timing of shutters and A-D conuerter. During each cycle of data acquisition, we obtained signals from both the PMT and PD while exciting the BCECF sequentially with 490-and 440-nm light. The computer performed the following tasks: 1) selected and recorded the wavelength of the exciting light by controlling the opening and closing of the shutters, 2) selected and recorded the amplification appropriate at each wavelength for each of the two variable-gain amplifiers, 3) timed the A-D conversion, 4) recorded the time of the sample and identity of the solution being delivered to the chamber, 5) calculated a fluorescence excitation ratio, and 6) displayed the ratio on a digital display monitor (model HP-1345A, Hewlett-Packard, Colorado Springs, CO).
Calculation of PHi
The timing of the data acquisition for excitation at 490 and then 440 nm was as follows. First, the gains of the PMT and PD amplifiers for the 490-nm signals were set, based on the size of the two signals in the previous cycle. Thus, if the signal from the previous cycle was >90% of full scale, the gain for the current cycle was halved, and if the signal was ~40% of full scale, the gain was doubled. Second, the main shutter (i.e., between the light source and first dichroic mirror) was opened. Third, the shutter behind the 490-nm filter was opened, allowing 490-nm light to enter the microscope. Fourth, the A-D converters for the PMT and PD each took 20 samples at intervals of 10 ms. The first 7 samples were discarded because of the settling time of the Bessel filter, and the last 13 samples of each signal were averaged. Thus the mean PD value is a measure of the excitation intensity at 490 nm, and the mean PMT value, of the emission intensity. Fifth, the shutter behind the 490-nm filter was closed. Finally, the shutter behind the 440-nm filter was opened, and the entire procedure repeated for this excitation wavelength. Therefore, for each cycle, the shutters were open for a total of 400 ms, 200 ms while exciting with each of 490-and 440-nm light. All shutters remained closed until the next cycle commenced, usually 2-10 s. Thus typical duty cycles ranged from 4 to 20%.
pHi was calculated using the nigericin calibration technique (28). At the end of each experiment, cells were exposed to a Na+-free solution (solution 7, Table 1 ) containing 10 PM of the K+-H+ exchanger nigericin and 105 mM K+. If internal and external [K+] are equal, then nigericin should equalize pHi and extracellular pH. Potential difficulties with this approach have been discussed previously (9). Figure 2A is a plot of fluorescenceexcitation ratio (1&1& vs. time for a single cell exposed to a series of nigericin solutions at different pH. The 14,,/1,,0 and pH data from this experiment and five others are summarized in Fig. 2B . The data were normalized to make the ratio at pH 7.0 equal to unity. The ratio data can be described by a pH titration curve of the form 
Inasmuch as the curve was constrained to pass through the point having the coordinates 1&1440 = 1.0, pH = 7.0, we fitted the data to a variant of the pH titration equation that forces the curve through this standard point
Correction for Background Light Levels
The curve drawn through the points in Fig. 2B is the result of a nonlinear least-squares fit of the normalized data to Eq. 2. The fitted values were 7.19 t 0.01 (SD) for the pK, and 1.53 t 0.02 (SD) for b. The advantage of this normalization procedure is that it allowed us to obtain a one-point nigericin calibration for a cell. At the end of each experiment, the cell was exposed to a nigericin solution at pH 7.0 and the 14go/1440 data from the entire experiment divided by the value at pH 7.0. We used Eq. 2 to calculate pHi from these normalized I.& 1440 values and the fitted values for pK and b.
In several experiments, before the dye was introduced, we measured the fluorescence intensities while exciting at 440 and 490 nm with the spot of exciting light off the cell and on the cell. The background spot-on signals were 6.4 (d), 6.8 (e) , 7.0 (f), 7.4 (g), 7.2 (h), 7.4 (i), 7.6 (j), 8.2 (h), 7.8 (Z), 7.4 (m), 7.0 (n). B: dependence of normalized fluorescence-excitation ratio on pHi. Circles, data from 6 experiments.
Curve is result of a nonlinear least-squares fit of data to pH titration curve that forces curve at a pHi of 7.0 (see text for details).
to pass through (1490/1440) = 1.0, obtained by evaluating the derivative of the exponential fit at that selected pHi. For those experiments in which we were only interested in the initial rate of recovery or for those experiments in which the recovery was interrupted (e.g., addition of EIPA during recovery), a straight line was fit to the data. Data were analyzed using the two-tailed unpaired Student's t test. Results are given as mean t SE. Many experiments showed large, very brief changes in the excitation ratio that were also observed in the output of the PD. The incidence of these large transients increased as the arc aged. The transients differed in magnitude at the two excitation wavelengths, thus causing rapid excursions in the ratio. Except in the case of Fig.  2A , these artifacts were minimized by filtering small portions of the record using a five-point least-squares linear smoothing program.
Behavior of Intracellular Dye
After we applied the BCECF/AM, the pattern of fluorescence was uniform over individual cells. During prolonged illumination of the cell with 490-and 440-nm light, we saw a localized decrease in fluorescence intensity over the lo-pm-diameter area of the cell exposed to the light. This gradual fluorescence decrease was confirmed by our PMT measurements, which showed that fluorescence intensity typically decreased by about half over the course of a 30-min experiment. However, this photobleaching apparently did not affect the pH sensitivity of the dye, as shown by experiments in which pHi was clamped to a particular value using the high K+-nigericin technique. For example, as shown in Fig. 2A , three separate exposures to the pH 7.0 nigericin solution over a 20-min period produced the same 1.&..40 value.
Regulation of PHi in HEPES-buffered solutions
Steady-state PHi. The cells were removed from the incubator where they had been bathed in a solution containing 25 mM HCOT and equilibrated with an atmosphere of 5% COa-balance air and transferred to an air-equilibrated, HEPES-buffered solution (solution 1, Table 1 ). After -30 min' in this HEPES solution, they were exposed to 10 PM BCECF/AM for about 5 min. After removal of the dye precursor, we began recording fluorescence data. pHi typically drifted upward' for a few minutes and then stabilized. The mean, steady-state pHi of mesangial cells bathed in a HEPES-buffered solution was 7.16 t 0.01 (n = 161).
Recovery of PHi from an acid load. The best approach for studying acid-extruding mechanisms is to acutely load the cell with acid and monitor the subsequent recovery of pHi toward its initial level. It is this pHi recovery (i.e., alkalinization) that is produced by one or more acid-extruding mechanisms. In the experiment of Fig. 3 , a single mesangial cell was acid loaded by prepulsing with NH: (4), an approach that has been well characterized in other cell types (see Ref. 23) . Replacing 20 mM Na+ in the bath with 20 mM NH: caused pHi to rapidly increase (segment ab) due to the influx of NH3 and the subsequent combination of most of these molecules with intracellular H+. After this rapid alkalinization, there was a slower "plateau-phase" acidification (bc), caused by the slower entry of NH:, a small fraction of which dissociated to form NH3 and H+. When the external NH: was removed, pHi rapidly fell (cd) as nearly all internal NH: dissociated to form NH3 (which rapidly left the cell) and H+ (which was trapped inside). Thus the net effect of the plateau-phase NH: entry was the large undershoot of pHi below its initial value. Finally, pHi spontaneously recovered (de) from this acid load, ' As shown below, the washout of COZ-HCOY causes a rapid pHi increase (due to the efflux of COZ) followed by a very slow fall of pHi to a value less than that prevailing in the COZ-HCOL solution.
We reflecting the presence of an acid-extrusion mechanism. Na+ dependence of p& recouery. As illustrated in Fig.  4A , recovery of pHi from an NH&induced acid load (c&cd) in HEPES-buffered solutions requires the presence of external Na+. In the absence of external Na+, there was very little pHi recovery (de). In 26 experiments, the average pHi recovery rate in the absence of Na+, measured by fitting a line to the zero-Na+ portion of the trace was -0.3 t 0.5 x 10B4 pH/s. The addition of 4.5 mM Na+ caused pHi to increase slowly (ef ), whereas the subsequent removal of Na+ halted further pHi recovery (fg). The addition of 36 mM Na+ caused a more rapid pHi recovery (gh), which was partially reversed on removal of Na+ (hi). This segment hi acidification may reflect reversal of a Na+-dependent, acid-extruding mechanism or an acid-loading process that is more active at alkaline than at acid pHi values. Finally, the addition of 145 mM Na+ caused a pHi recovery (ij) that was somewhat more rapid than that elicited by 36 mM Na+ and which returned pHi to very near its initial level. Data from 25 similar experiments are summarized in Fig.  4B . For each cell, the initial pHi recovery rates at different values of external [Na'] were normalized to the initial recovery rate at 145 mM Na+. A nonlinear, leastsquares method was used to fit the data to a variant of the Michaelis-Menten equation that forces the curve though the normalization point (2). The apparent K, for external Na+ was 27 mM. Thus the process responsible for pHi recovery from an acid load in the nominal absence of HCO; is Na+ dependent. A likely candidate for such a process is an amiloride-sensitive Na+-H+ exchanger.
EIPA sensitivity of pHi recovery. As shown in Fig. 5 , after a cell was acid loaded by an NH: prepulse (&cd), the pHi recovery induced by 145 mM Na+ (de) was virtually eliminated by the addition of 50 PM EIPA (ef ). This drug is an amiloride analogue known to be a potent inhibitor of the Na+-H+ exchanger in other cells (14) . The spike at point e in the pHi record in Fig. 5 was observed frequently and is the subject of continuing investigation. In three experiments in which 50 PM EIPA was applied in the presence of 145 mM Na+, the average inhibition was 103 t 6%. In seven similar experiments in which only 20 PM EIPA was used, the average inhi- of 145 mM. Mean pHi at 4.5 mM Na+ was 6.52 IfI 0.03 (n = 9), value at 18 mM Na' was 6.55 * 0.07 (n = 9), and mean pHi at 36 mM Na' was 6.48 * 0.11 (n = 7). Na+-dependent component of pHi recovery rate was obtained by subtracting pHi recovery rate observed in absence of Na+, as described in text. Curve is result of a nonlinear least-squares fit of data to a form of Michaelis-Menten equation that forces curve to pass through a relative flux of unity at a [Na'], of 145 mM.
bition was only 75 t 10%. Thus assuming that the only effect of EIPA is to inhibit Na+-H+ exchange, our data indicate that, in the nominal absence of HCOT, all of the Na+-dependent recovery of pHi from an acid load is mediated by Na+-H+ exchange.
Effect of EIPA on pHi. In eight experiments (one of which is illustrated below in Fig. 7A ) on control cells (i.e., ones not exposed to NH:), application of 50 PM EIPA caused pHi to fall by an average of 0.26 t 0.05 (P < 0.002) over a period of 3-5 min. The initial rate of pHi decline was 40 t 3 x 10B4 pH/s, measured at an average pHi of 7.27 t 0.04. These results imply that in the nominal absence of COZ-HCO;, the Na+-H+ exchanger must be active in the normal steady state to balance a substantial rate of intracellular acid loading.
Intracellular buffering power. The pHi decrease caused by the washout of NH: can be used to compute the cell's intrinsic buffering power (,@I), provided that acid-base transport mechanisms are blocked. We describe experiments in which we determined the pHi dependence of pI (see APPENDIX).
We found that the dependence of pI on pHi can be described by a straight line, such that ,& is -12 mM/pH at a pHi of 6.4 and -4 mM/pH at a pHi of 7.4.
Regulation of PHi in COz-HCOT-Buffered Solutions
Effect of COZ-HCO; on PHi. When mesangial cells were switched from a HEPES-buffered solution, to one buffered with COZ-HCO;, pHi fell abruptly due to the influx of COz and its subsequent hydration to form H+ and HCO; (see ab in Fig. 6 Experiments tabulated in rows 3, 9, and 11 were performed according to protocol of Fig. 7A , with column 1 corresponding to a, column 2 with b, and column 3 with e. n, no. of expts.
higher than the one prevailing in the HEPES-buffered solution (bc). When the COZ-HCO; was removed (cd), pHi rapidly rose due to CO2 efflux and then declined more slowly (de) . In experiments in which we monitored the segment de acidification for longer periods, we found that pHi returned to its initial value (i.e., similar to that at point a) over a period of -30 min. In 59 experiments similar to that of Fig. 6 , the transition from a HCOY-free to a HCOT-containing solution caused the steady-state pHi to significantly increase (P < 0.001) from 7.14 to 7.26 (see Table 2 , row 1). There are at least three possible explanations for this observation that the steady-state pHi is higher in a COz-HCOg-buffered solution than in a HEPES-buffered solution. 1) The application of COZ-HCO: may reduce the rate of intracellular acid loading, thereby allowing the Na+-H+ exchanger to drive pHi to a higher value. 2) C02-HCO; could stimulate the Na+-H+ exchanger.
3) The addition of COZ-HCOT could activate a HCOZ-dependent, acid-extruding mechanism.
After the COZ-induced acid load in experiments similar to that of Fig. 6 , the rate of pHi recovery was moderately greater than that observed after an NH:-induced acid load in HCOT-free solutions (e.g., see Fig. 3 ). To make a direct comparison of the rates of pHi recovery under different conditions, it is necessary to compare recoveries at the same pHi because the activity of acid-extrusion mechanisms are highly pHi dependent. Rates of recovery from a COZ-induced acid load at a selected pHi were evaluated by curve fitting the pHi recovery portion of the experiment using an exponential function of time and evaluating the derivative of this exponential with respect to time at the selected pHi. In 15 experiments in which NH: was prepulsed in HEPES-buffered solutions, the rate of pHi recovery at a selected pHi of 6.80 was 48.4 X 10s4 pH/s (see Table 3 , row 2). In 23 experiments in which COZ-HCO: was applied, the rate of pHi recovery at the same selected pHi of 6.80 was 64.6 X 10e4 pH/s (Table 3 , row 4). However, the net efflux of acid (i.e., acid-extrusion rate, J) is the product of the total intracellular buffering power (&) and the rate of pHi recovery.
In the nominal absence of COZ-HCO;, ,& is simply the intrinsic buffering power that, at a pHi of 6.8, is 9.0 mM/ pH (see APPENDIX). Thus JnEpEs averaged (9.0 mM/pH) X (48.4 X 10D4 pH/s) = 436 X 10m4 mM/s. In the presence of C02-HCO:, the open-system COz-HCOT-buffering power (Pi-& is (In 10) [HCOz] i (see Ref. 23 ). In the presence of 5% CO2 and at a pHi of 6.80, ,&co3 is 15.5 mM/pH, and & is 9.0 + 15.5 = 24.5 mM/pH. Therefore, &co, is (24.5 mM/pH) X (64.6 X 10m4 pH/s) = 1585 X 10D4 mM/s, approximately fourfold higher than the acidextrusion rate in the absence of COB-HCOT. When the two fluxes are compared at a pHi of 7.0, &co3 is about fivefold greater than JuEpEs (see Table 3 , row 3 vs. 1). In principle, the increased net acid-extrusion rate in the presence of C02-HCO: (i.e., 1,585 -436 = 1,149 X 10B4 mM/s) could be due to a decrease in the rate of intracellular acid loading. However, as noted above, the application of EIPA in the absence of COZ-HCOT caused pHi to decline by an average rate of 40 X 10B4 pH/s at an average pHi of 7.27. This represents an average background acid-loading rate, computed from pI at that pHi of only 211 X 10D4 mM/s. Thus even if application of COZ-HCO: blocked all acid loading, the pHi recovery rate could only be increased by one fifth of the observed amount. Our data, therefore, indicate that the increased rate of acid extrusion is due either to stimulation of Na+-H+ exchange or the introduction of additional HCO:-dependent acid-extrusion mechanism(s).
Effect of EIPA on HCOT-induced alkalinization. Because the data of Figs. 4 and 5 indicate that Na+-H+ exchange contributes to the recovery of pHi from an acid load in the absence of HCO;, we would expect this transporter also to contribute to the pHi recovery (segment bc in Fig. 6 ) that follows the application of COZ-HCO: (i.e., the HCOg-induced alkalinization). If this is true, then the pHi recovery from a COZ-induced acid load should be inhibited by EIPA. In the experiment of Fig.  7A , the application of 50 PM EIPA caused a sustained fall in pHi (ab), as noted above. The subsequent application of COZ-HCO; produces the usual rapid fall of pHi (bc). However, the subsequent pHi recovery (cd) was unusual in the following two respects: 1) the maximal pHi achieved in the presence of COZ-HCOT was less than in the absence of EIPA and 2) the rate of pHi recovery was lower. As far as the maximal pHi is concerned, in eight experiments conducted in EIPA, the mean maximal pHi attained in COZ-HCO; was 7.11 (Table 2, row 3), whereas in eight control cells (i.e., not exposed to EIPA) studied on the same days, the maximal pHi was 7.29 (Table 2 , row 2). The difference between these values is statistically significant (P < 0.005).
In addition to reducing the maximal pHi achieved in HCO;, EIPA also reduced the rate of pHi recovery in HCO:. The segment cd pHi recovery from the experiment of Fig. 7A is replotted in Fig. 7B , along with a comparable pHi recovery from a control cell (i.e., not exposed to EIPA). Of eight similar experiments with 50 PM EIPA, five had a segment cd pHi recovery that passed through pHi 6.90. The calculated &co for these five EIPA cells at a pHi of 6.90 was 746 X 10Z4 mM/s (Table 3, row 6). Of 10 control experiments (i.e., cells not exposed to EIPA) conducted on the same days as the EIPA experiments, 4 had pHi recoveries that passed through a pHi of 6.90. The mean calculated &co, for these four control cells at a pHi of 6.90 was 1,120 X 10D4 mM/s (Table 3 , row 5). Thus EIPA inhibited the pHi recovery by about one third (P < 0.025). Inasmuch as the data of Fig. 5 indicate that EIPA blocks virtually all Na+-H+ exchange in the absence of HCO;, the failure of EIPA to completely block the pHi recovery in the presence of HCO: implies that an additional acid-extrusion mechanism is active in the presence of HCO:.
On the same days on which we studied the recovery of pHi from a COZ-induced acid load in the presence and absence of EIPA, we also examined, on separate cells, loaded the cells with BCECF, and then began the experthe recovery of pHi from an NH:-induced acid load in iment. Work on the erythrocyte Cl--HCOT exchanger the nominal absence of HCOT. In eight such experiments has shown that the inhibition by SITS is essentially (not shown), the average JnEPEs at a pHi of 6.90 was 328 X 10D4 mM/s (see Table 3 , row 7). This is indistinguishirreversible when the drug is applied for 15 min, provided able from the EIPA-sensitive component (i.e., 1,120 -the cells are washed in a protein-free saline (8). As shown 746 = 374 X 10m4 mM/s) of the pHi recovery from a COZin Fig. 7C , the recovery of pHi from a Cog-induced acid induced acid load. Thus our data suggest that about one load was significantly slower for the cell pretreated with third of the pHi recovery in the presence of HCO; is 9 5 mM SITS than for the control cell (i.e., one not mediated by an EIPA-sensitive Na+-H+ exchanger and exposed to SITS). In four of five experiments performed two thirds by another mechanism(s). on SITS-treated cells on one day, pHi passed through
Effect of SITS and DIDS on HCOT-induced alkalini-6.95 during the recovery. The mean &co3 calculated at zation. Because two thirds of the pHi recovery in the that pH was 274 x lOa mM/s (Table 3 , row 9). This is presence of HCO: is insensitive to EIPA and therefore only about one third as large (P C 0.005) as the flux cannot be attributed to Na+-H+ exchange, we examined measured at the same pHi in control cells on the same the possibility that it is produced by a stilbene-sensitive day, that is, 759 x 10B4 mM/s (see Table 3 , row 8).
HCO: transport system. In the experiment of Fig. 7C , Similar control and SITS experiments were performed we determined whether the HCOY-induced alkalinization on a different day, although the pHi recovery from the is affected by the stilbene derivative SITS, a known COz-induced acidification ranged over lower pHi values. inhibitor of HCOT-dependent transporters in other cells. At a pHi of 6.75, SITS inhibited Jnco3 by 63%, similar Because the fluorescence of 0.5 mM SITS in the extrato the value in the first series of experiments (Table 3, was 7.30, whereas for SITS-pretreated cells, the value was 6.92 (P < 0.005).
In a series of experiments similar to that described above for SITS, we pretreated cells for l-2 h with 50 PM 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) and examined the effect on the pHi recovery from a COZinduced acid load. We found that DIDS pretreatment produced a 64% inhibition of &co, measured at a pHi of 6.90 (see Table 3 , rows 13 and 12).3
Thus the effect of pretreating cells with either SITS or DIDS was to reduce the net acid-extruding flux in the presence of HCOT by about two thirds. Assuming that the stilbene derivatives affected only HCOT transport, these results, together with the EIPA data obtained in the presence of C02-HCO:
and the NH:-prepulse data obtained in the absence of Cog-HCOT, suggest that pHi recovery from a COZ-induced acid load has two components: one was mediated by an EIPA-sensitive Na+-H+ exchanger, accounts for about one third of the total and the other was mediated by a stilbene-sensitive HCOTdependent mechanism(s) accounts for the remaining two thirds. If this is true, then EIPA and a stilbene together should produce a complete block of the pHi recovery in COB-HCO;.
Combined effect of EIPA and SITS-DIDS on HCOTinduced alkalinization. Figure 70 illustrates an experiment on a cell that was pretreated with 0.5 mM SITS. When the cell was exposed to 50 PM EIPA, pHi rapidly fell (ab). The exposure to the COz-HCOT-containing solution caused a rapid pHi decrease (bc) but, in this cell treated with both SITS and EIPA, the pHi recovery was incomplete and slow (cd). During segment cd, pHi was rather low, between 6.55 and 6.70. The mean final steadystate pHi in the presence of COZ-HCO; was 6.63 for these SITS-EIPA cells (Table 2 , row 9). This is substantially less than the value of 7.12 for four control cells (i.e., not exposed to SITS or EIPA) studied on the same day (Table 2, row 8). As far as the segment cd pHi recovery rates are concerned, the mean &co3 for these four SITS-EIPA-treated cells was 106 X 10m4 mM/s at a pHi of 6.65 (Table 3, row 14) . Because the application of COZ-HCO: to the four control cells did not cause pHi to fall below 6.85, it is impossible to compare the &co, for the SITS-EIPA cells with the &co3 from control cells at the same 10~ pHi.
However, such low pHi values can be obtained by acid loading cells by the NH: prepulse technique. Figure 8 illustrates an experiment in which a cell, continuously bathed in a COB-HCO: solution, was exposed to 20 mM NH:-NH3 for 2 min (abc). After the washout of the NH:-NH3, pHi rapidly fell to -6.3 (cd) and then recovered (del). In nine such experiments (conducted on 3 days), the &co3 computed at a pHi of 6.65 was 1,862 X 10v4 mM/s ( corresponds to an inhibition of 94%. We also performed two series of experiments (data not shown) similar to that of Fig. 70 but in which the cells were pretreated with 50 PM DIDS instead of SITS. The results, as shown in Table 3 (row 15 vs. 16), indicate that the combined inhibition of &co3 by DIDS and EIPA was 84%.
In two experiments conducted on cells continuously exposed to COZ-HCO;, we examined the combined effects of EIPA and either SITS or DIDS on the pHi recovery from an NH:-induced acid load. The lower trace of Fig. 8 illustrates the experiment in which the cell was pretreated with SITS. At a pHi of 6.60, the &co, for this cell was 212 x 10B4 mM/s, corresponding to an inhibition by SITS plus EIPA of 89%. For the DIDS-pretreated cell exposed to EIPA, at a pHi of 6.60, the inhibition was 84%.
Thus, for cells incubated in a HCOB-containing solution, the combined effect on acid extrusion of EIPA and either SITS or DIDS is an inhibition of between 84 and 94%. DISCUSSION 
PHi Regulation in COZ-HCOZ-Free Solutions
We have demonstrated that when glomerular mesangial cells are acid loaded, either by prepulsing with NH: or by switching from a COa-HCOT-free to a COB-HCOTcontaining solution, pHi spontaneously recovers. In the absence of HCOT, the pHi recovery from an NH&induced acid load requires Na+ (Fig. 4) and is blocked by EIPA (Fig. 5) . Thus, in the absence of HCO;, these cells appear to regulate their pHi by means of a Na+-H+ exchanger similar to that found in other cell types. We found that, in the absence of HCOT, the time course of the pHi recovery from an NH:-induced acid load is fit very well by a single exponential. Given the pHi dependence of the intrinsic intracellular buffering power (see APPENDIX), this result implies that the acid-extrusion rate is greatest Similarly, the HCOT-induced alkalinization cannot be due to stimulation of Na+-H+ exchange because EIPA blocked only one third of this Jnet (Fig. 7A) Table 3 , rows 5-7). Thus conclusion is supported by the observation that both SITS and DIDS, known inhibitors of HCOY-dependent transporters, blocked about two thirds of the Jnet observed on the introduction of COZ-HCO;. Finally, the observation that the combination of EIPA and SITS (or, to a lesser extent, EIPA and DIDS) produced nearly total inhibition of the HCOT-induced alkalinization implies that the alkalinizing effect of Na+-H+ exchange is additive with that of a stilbene-sensitive, HCOT-dependent mechanism. at low pHi val l es and gradual ly falls as pHi returns toward normal. Data fro m other cell types i ndicates that Na+-H+ exchange activity actually approaches zero as pHi rises toward the pH threshold for activation of the exchanger. However, we found that when a mesangial cell in a normal steady state in a HCOT-free medium is exposed to EIPA, there is a rapid and sustained fall in pHi (Fig. 7A) . If the only effect of EIPA is to block Na+-H+ exchange, then this result suggests that the Na+-H' exchange rate is not zero in the normal steady state but rather must be sufficiently high to balance underlying acid-loading processes. Thus the pHi threshold for the Na+-H+ exchanger must be greater than the normal steady-state pHi that prevails in the absence of HCO;.
PHi Regulation in COz-HCOT-Containing Solutions
When mesangial cells were switched from a nominally HCOT-free to a COZ-HCOg-containing solution, there was a transient acidification, followed by a spontaneous and rapid alkalinization to a pHi value higher than the initial one (Fig. 6) . Both the rapidity of this alkalinizaOur data, therefore, indicate that the introduction of COZ-HCO; causes a net increase in the cell's acid-extrusion rate. This does not exclude the possibility that there are more than one HCOT-dependent, acid-extrusion mechanisms nor that there may also be HCOT-dependent, acid-loading mechanisms. However, regardless of which HCOT-dependent transporters become active, the net effect is an increase in acid extrusion. Candidates for the HCOT-stimulated acid-extruding mechanism include the Na+-dependent Cl--HCOT exchanger (see Refs. 23 and 29) , an H+ pump whose insertion into the plasma membrane is stimulated by application of COZ-HCO; (12), and the novel Na+-and Cl--independent acidextruding mechanism stimulated by basolateral HCO: in the S3 segment of the rabbit proximal tubule (20). In addition, the electrogenic Na'/HCO; cotransporter (3)) although generally considered an acid loader, can operate in the direction of net acid extrusion under certain conditions.
Steady-state PHi in COZ-HCOZ. Because the steadystate pHi is determined by the balance between acidextruding and acid-loading processes, we would expect 
